A method based on cold ethyl alcohol fractionation at different pH levels and ionic strengths and on gel filtration on a Sephadex G-200 column was used to concentrate and purify lysozyme from the culture supernatant fluid of Staphylococcus aureus strain 524. The final, nondialyzable product exhibited a 163-fold rise in specific activity over that of the starting material. Staphylococcal lysozyme is a glycosidase which splits N-acetylamino sugars from the susceptible substrate. Staphylococcal lysozyme was shown to be similar to egg white lysozyme in its optimal temperature for reaction, optimal pH, activation by NaCl and Ca++ ions, inhibition by sodium citrate and ethylenediaminetetraacetate, and inactivation by Cu++ ions and sodium dodecyl sulfate. It differs from the egg white lysozyme in its temperature susceptibility range (staphylococcal lysozyme is inactivated at 56 C). It acts on whole cells and cell walls of Micrococcus lysodeikticus, murein from S. aureus 524, and cell walls of S. epidermidis Zak. The last substrate was not susceptible to the action of egg white lysozyme in the test system used. The mechanism of action of staphylococcal lysozyme seems to be analogous to that of egg white lysozyme; however, the biological specificity of the two enzymes may be different. 
A method based on cold ethyl alcohol fractionation at different pH levels and ionic strengths and on gel filtration on a Sephadex G-200 column was used to concentrate and purify lysozyme from the culture supernatant fluid of Staphylococcus aureus strain 524. The final, nondialyzable product exhibited a 163-fold rise in specific activity over that of the starting material. Staphylococcal lysozyme is a glycosidase which splits N-acetylamino sugars from the susceptible substrate. Staphylococcal lysozyme was shown to be similar to egg white lysozyme in its optimal temperature for reaction, optimal pH, activation by NaCl and Ca++ ions, inhibition by sodium citrate and ethylenediaminetetraacetate, and inactivation by Cu++ ions and sodium dodecyl sulfate. It differs from the egg white lysozyme in its temperature susceptibility range (staphylococcal lysozyme is inactivated at 56 C). It acts on whole cells and cell walls of Micrococcus lysodeikticus, murein from S. aureus 524, and cell walls of S. epidermidis Zak. The last substrate was not susceptible to the action of egg white lysozyme in the test system used. The mechanism of action of staphylococcal lysozyme seems to be analogous to that of egg white lysozyme; however, the biological specificity of the two enzymes may be different.
Staphylococcus aureus strain 524 excretes a lytic enzyme. The activity of the crude, nondialyzable product is similar to that of egg white lysozyme (E.G. 3.2.1 .17 .-mucopeptide N-acetylmuramyl hydrolase). Both lyse viable cells and cell walls of Micrococcus lysodeikticus Fleming and liberate N-acetylamino sugars and reducing sugars (23) . Lysozyme production is a frequent property of staphylococcal strains isolated from various sources; all 503 tested strains of S. aureus and 13 of 35 strains of S. epidermidis produced an enzyme which was shown (by a modified plate method) to lyse M. lysodeikticus (J. Hawiger, J. Clin. Pathol., in press).
Lack of purification methods has prevented research on staphylococcal lysozyme. In this report, a method of purification of staphylococcal lysozyme is presented which makes it possible to obtain this enzyme in a form suitable for studying its properties. Factors influencing the activity of staphylococcal lysozyme have been investigated, and its spectrum of action on bacterial substrates has beendetermined. Thesepropertiesof staphylococcal lysozyme have been compared with those of egg white lysozyme.
MATERIALS AND METHODS
Bacterial strains. S. aureus Instruments. Optical density was measured on a Havemann photocolorimeter (Berlin, Germany), and on a Coleman Junior colorimeter. A Titri-pH-meter (Orion, Budapest, Hungary) was used to determine pH. Mickle's apparatus for cell disintegration and a fraction collector (Unipan, Warsaw, Poland) were also used.
Preparation of the lysozyme substrates. Standard suspensions of M. lysodeikticus cells were prepared as described by Smolelis and Hartsell (28) . Cells were suspended in 0.06 M phosphate buffer containing 0.1% NaCl, and the density of the suspension was adjusted in such a way that, after adding 2 ml of buffer solution to 2 ml of suspension, the optical density was 0.3 as measured at a wavelength of 550 m,u.
Cells of S. aureus 524 and S. epidermidis Zak were grown on Smolelis and Hartsell medium, then washed three times with water, heated at 60 C for 60 min to inactivate autolytic enzymes, and lyophilized.
Cell walls of M. lysodeikticus, S. sureus 524, and S. epidermidis Zak were prepared according to Morse (14) . The purified walls were lyophilized. Murein Reduction of the density of murein (mucopeptide) and cell wall suspension was determined as follows: cell walls or murein was dissolved in 2 ml of 0.06 M sodium phospate buffer (pH 6.2) containing 0.1% NaCl. The concentration of cell walls was 10 mg/ml, and of murein 8 mg/ml. After addition of 2 ml of lysozyme solution and incubation at 37 C, the suspension density was determined at 660 mg.
Determination ofthe amount ofN-acetylamino sugars released (22) . Samples of 0.5 ml were taken after various times of incubation of cell walls or murein with lysozyme solution. After adding 0.1 ml of potassium tetraborate, samples were heated for 35 min in a boiling-water bath (7) . The prolonged incubation is a modification of the original reaction, because disaccharide liberated develops weak color after 3 min of incubation. The results were calculated as micromoles of N-acetylglucosamine, for which a standard curve was prepared.
Total nitrogen was assayed by the Kjeldahl micromethod (10) .
Protein was determinated by Lowry's method (10), with albumin (fraction V) as standard.
Paper electrophoresis was performed by the method of Kabat and Mayer (10) . Three strips of Whatman no. 1 filter paper were placed in the chamber, and 0.05-ml portions of the fractions to be tested were applied; 0.05 M Veronal (pH 8.0 and 9.0) and glycine (pH 10.0) buffers were used. The electrophoresis was run at room temperature for 18 hr at a current of 4.5 ma and 90 v. After drying, the strips were stained with amide black lOB. In some experiments Trisethylenediaminetetraacetate (EDTA) buffer, pH 8.9 (1), was used, and a 6.5 ma current; the electrophoresis was run for 16 hr.
Lysozyme dialysis. A 3-ml amount of lysozyme, containing 0.5 mg of protein per ml, was dialyzed in dialysis sacs (Visking Co., Chicago, Ill.), which were previously rinsed with redistilled water, against 300 ml of sodium acetate solution (0.1 M)-NaCl (0.1 M), pH 7.5, which was changed every hour. After 4 hr, the contents of the dialysis sack were tested for lysozyme activity. Determination of the effect of temperature on the rate of the lysozyme reaction. Lysozyme samples [2 ml containing 0.5 mg of protein per ml of 0.06 M phosphate buffer (pH 6.2) with 0.1% NaCl added] were mixed with 2-ml portions of M. lysodeikticus suspension and incubated at 0, 10, 22, 31, and 37 C. Lysozyme activity was determined at 10-min intervals.
Determination of the effect of pH on lysozyme activity. Lyophilized M. lysodeikticus cells were washed three times with redistilled water, centrifuged, and suspended in a suitable buffer in a proportion such that 2 ml of suspension mixed with 2 ml of buffer showed a density of 0.3 at a wavelength of 550 mu. A 2-ml portion of the suspension thus prepared at a given pH was mixed with 2 ml of lysozyme solution in the same buffer. Percentage reduction of the optical density was determined after 30 min of incubation at 37 C.
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HAWIGER tested, in such a proportion that the suspension had a density of 0.3 when mixed with 2 ml of lysozyme solution. Percentage reduction of the optical density was determined after 30 min of incubation at 37 C.
RESULTS
S. aureus strain 524 was grown for 6 hr in 10 ml of Brain Heart Infusion medium at 37 C. The culture was then transferred to 100 ml of the same medium in an Erlenmeyer flask. After 7 hr of incubation at 37 C on a shaking machine (150 rev/min), the culture was transferred into a 6-liter flask with 1 liter of warmed Brain Heart Infusion medium. Rotation of the shaker was reduced to 90 rev/min, and the culture was incubated for 12 hr at 37 C. The supernatant fluid was then centrifuged at 4 C and 2,200 rev/min, for 60 min.
Fractionation of the supernatant fluid is presented in Fig. 1 . The modified Cohn method (4) of cold ethyl alcohol fractionation at variable pH and ionic strength was used for the purification of the lysozyme. The method was previously applied to the purification of staphylococcal coagulase (31) . The conditions under which staphylococcal lysozyme was obtained and fractionated were a little different from the procedure applied for preparing coagulase. The precipitate was dissolved in 0.1 M sodium acetate solution, with 0.1 M NaCl added. The yield of fractionation of fraction LIIIS was much higher in 0.1 M phosphate buffer at pH 7.5 than in buffer at pH 6.1 or 6.5. Fractions after Sephadex G-200 gel filtration containing the highest amount of lysozyme ("peak") were combined and designated fraction LIV. The course of the filtration in the Sephadex G-200 column is illustrated in Fig. 2 The results obtained in the different steps of fractionation are illustrated in Table 1 .
The product contained 0.14 mg of protein per ml; its activity, as measured with M. lysodeikticus cells supension, corresponded to the activity of 0.0036 mg of crystalline lysozyme from egg white. Nitrogen content amounted to 15 %, as calculated in relation to protein. Fraction LIIIS and LIV showed no coagulase activity.
Fractions LIIIS and LIV were analyzed by paper electrophoresis to determine their homogeneity. The results were as follows: in 0.05 M Veronal buffer (pH 8.0), fraction LIIIS showed the presence of one strongly stained band which corresponded to the mobility of globulins when compared with electrophoretic pattern of serum proteins tested under identical conditions. However, in a more sensitive system of Tris-EDTA buffer (pH 8.9), the same preparation showed the presence of at least three fractions. It should be emphasized that under these conditions partition of serum proteins is also higher (1). The final product (fraction LIV) obtained by Sephadex G-200 filtration, under the same conditions, showed the presence of only one fraction (Fig. 3) .
The product lost a part of its activity upon lyophilization, but at 4 C it could be stored for as long as 4 weeks without any significant loss of activity. It did not dialyze through a Visking membrane at 4 C.
Effect of lysozyme concentration (Fig. 4) proportional to the amount of lysozyme added; i.e., it was correspondingly higher when lysozyme concentration was higher. It was possible, thereore, to accept arbitrarily a unit of the staphylococcal lysozyme activity which was applied for comparison of activities of the individual fractions obtained during the purification procedure.
Effect of temperature. The reaction depended on the temperature at which lysis of M. lysodeikticus suspensions occurs. The rate of the reaction was highest at 37 C, and the lowest at 0 C.
The effect of temperature on the activity of the staphylococcal lysozyme and the egg white lysozyme is illustrated in Fig. 5 . It was found that at 56 C activity of staphylococcal lysozyme decreased to 15% of the initial value, and temperatures of 70 and 100 C inactivated it almost completely. On the other hand, lysozyme from the egg white retained 80% of its activity after heating at 56 C, 72% after heating at 70 C, and 56% after heating at 100 C. Activity at 37 C was accepted as the "initial" level.
Effect of pH on the reaction. Staphylococcal lysozyme was active over a wide pH range. Lytic activity, expressed in terms of percentage reduction of the suspension density, was highest in the pH range from 6.0 to 9.4 (Fig. 6 ).
For comparison, activity of egg white lysozyme was determined in the same buffers. The results were almost identical. The curves of activity at various pH values are intentionally discontinued at the point corresponding to pH 6.8 for phos- phate buffer, because starting from this value lysozyme activity in phosphate buffer decreased as hydrogen ion concentration decreased. For example, at pH 7.4 and 8.0, the reduction of optical density amounted to 40 and 20%, respectively. Alkaline shift of the pH of phosphate buffer had a similar effect on the activity of crystalline lysozyme from egg white. As can be seen in Fig. 6 Staphylococcal lysozyme in a concentration of 0.085 mg of protein per ml was added to cell wall suspension. Final concentration of the cell walls in the reacting mixture was 5 mg/ml. The effect of lysozyme, as measured by reduction of density of cell wall suspension (curve A) and by the amount of N-acetylamino sugars released, calculated as micromoles of N-acetylglucosamine (curve B), is depicted in Fig. 8-10 .
Reduction of the density of M. lysodeikticus cell wall suspension occurred rather rapidly; more than 80% of walls were digested after 1 hr (Fig. 8) . The decrease in density was accompanied by an increase in N-acetylamino sugars released, the amount of which in 1 ml of the mixture after 3 hr was equal to 0.1 ,mole, as calculated per N-acetylglucosamine.
For comparison, crystalline lysozyme from egg white was added in a concentration of 24 ,ug/ml to cell wall suspension. With M. lysodeikticus cell walls, density reduction was 89% after 1 hr, and the increase in N-acetylamino sugars was 0.08 ,umole after 3 hr. Cell walls of S. aureus 524 were not lysed by staphylococcal or egg white lysozyme, whereas murein of S. aureus 524 was sensitive to staphylococcal lysozyme (Fig. 9) . However, the sensitivity differed from that observed in M. lysodeikticus cell walls. The decrease in density of murein was much slower and amounted to about 30% after 1 hr. The rate of the reaction was markedly slower during further incubation. The amount of N-acetylamino sugars increased most rapidly during the first hour of incubation (0.04 ,mole), after which the increase was slight. The reaction with egg white lysozyme followed a similar course.
Staphylococcal lysozyme reacted in a different way with purified cell walls of S. epidermidis Zak (Fig. 10) . Cell walls of this strain were sensitive to staphylococcal lysozyme and resistant to egg white lysozyme in the concentration used. With staphylococcal lysozyme, 66% reduction of density was observed during the first hour; then the reaction proceeded, reaching almost 100% reduction after 3 hr. The amount of N-acetylamino sugars increased to 0.05 ,umole after 3 hr of incubation.
DIscussION
Partial purification of staphylococcal lysozyme was possible by means of ethyl alcohol fractionation at variable pH and ionic strength. The decrease in activity, observed in fraction LIIP in spite of high protein concentration, might indicate the presence of an inhibitor, which could be concentrated at this stage (thus inhibiting lysozyme activity) and could be removed at later stages of fractionation.
The final product obtained was 40 times less active than crystalline lysozyme from egg white, as can be inferred from the amount of lysozyme obtained per milligram of protein. The activity of these enzymes was measured by reduction of density of the standard suspension of M. lysodeikticus cells. On the other hand, activity of staphylococcal lysozyme was only about seven times less than activity of crystalline egg white lysozyme when purified cell walls of M. lysodeikticus were used as substrate. Thus, it should be mentioned that, according to criteria accepted by International Union of Biochemistry for standard enzyme unit (9) , the determination of absolute specific activity of staphylococcal lysozyme will be possible only when a synthetic, chemically defined lysozyme substrate is available.
The possible effect of ethyl alcohol on lysozyme during fractionation remains to be explained. It seems not to play any role, for its effect on egg white lysozyme structure was observed at a concentration higher than 60% (8) . Therefore, the fractionation method used gives a product which may be subjected to further purification and testing.
The staphylococcal lysozyme obtained shows some similarities to egg white lysozyme and staphylococcal autolysin (16) (17) (18) (19) (20) (21) . The two lysozymes differ in sensitivity to temperature. Staphylococcal lysozyme is heat-labile and is inactivated at 56 C. Kashiba et al. (11) reported that staphylococcal lysozyme was inactivated by heating at 100 C for 15 min, but it seems likely that these authors worked with an unpurified preparation, which may have affected the determinations. Thermal sensitivity of egg white lysozyme is different. Its activity is not lost even at 100 C.
The other two lytic enzymes found in staphylococci, autolysin and virolysin, although tested under different conditions, are heat-labile and are inactivated at a temperature as low as 45 C (19) . Lysostaphin is also heat-labile, although it is inactivated at a little higher temperature of 70 C (26) . In contrast to egg white lysozyme, therefore, all the hitherto mentioned lytic enzymes produced by staphylococci are sensitive to temperatures above 45 C.
Staphylococcal lysozyme is active in a wide pH range, which is similar to the range for egg white lysozyme. On the other hand, autolysin and virolysin show optimal activity within a similar but much more limited pH range when tested with other substrates (19) . It seems that determination of a lytic activity in a pH range should be performed not only with commonly used phosphate buffer, but also with other buffers.
The effect of lysozyme on the sensitive substrate is much stronger in the presence of NaCl. Its role in the activity of egg white lysozyme and lysostaphin is distinct and consists of dissociation of complexes with acid polymers (12, 27) or with substrate (25) . The role of NaCl in activation of staphylococcal lysozyme may be similar. Full activity of staphylococcal lysozyme seems to be related to the presence of bivalent cations, particularly Ca++, in addition to being related to the presence of NaCl. This is suggested by the results of experiments with chelating agents, as well as by data indicating the activating effect of CaCl2 on lysozyme action on M. lysodeikticus cells. The effect was also observed with egg white lysozyme, and with autolysin and virolysin (19) . Activity of the autolytic system present in S. aureus cell walls is inhibited by EDTA (13) .
The lysozyme-substrate reaction is not activated by all bivalent ions. The effect of Cu-I is opposite: in a concentration of 10- (2) , which presumably exerts no effect on the activity of staphylococcal lysozyme. This may be due to specificity of action of staphylococcal lysozyme. Other lytic agents are also characterized by specific biological activity, for example, streptococcal muralysin (3), endopeptidases SA, MR, and ML (15) , and staphylococcal virolysin [which acts on S. aureus, but does not affect M. lysodeikticus cells (19) ].
As far as staphylococci are concerned, it is only certain that S. aureus 524 cells are well protected against the action of lysozyme they produce. The sensitive substrate is coated by a number of radicals which "block" lysozyme action. The effect of staphylococcal lysozyme on the parental cells seems to be possible only when the substrate is "uncoated" by autolytic processes or by other factors.
